Objectives. To introduce the development of the first magnetic resonance imaging (MRI)-compatible robotic system capable of automated brachytherapy seed placement.
P
ermanent prostate brachytherapy (PPB) is one of the most frequently chosen treatment options for patients with clinically localized prostate cancer. PPB owes its low intervention-related morbidity to a rapid dose falloff effect, which allows for the delivery of high doses of radioactivity to cancerous tissue while sparing healthy adjacent structures. The radioactive seeds are usually implanted under transrectal ultrasound guidance according to a previously developed treatment plan.
The success of image-guided interventions (IGIs) such as PPB depends on the quality of the image used for the visualization of the target, as well as on the ability to deploy the procedure needle/probe accurately to the desired target. Magnetic resonance imaging (MRI) provides the best visualization of the prostate and its surrounding anatomy, 1 which should make it the image modality of choice to guide brachytherapy seed placement. In addition, MRI can be used to make intraoperative adjustments to the dosimetry plan, permitting the deployment of additional radioactive sources in accidentally underdosed areas. 2 The principal limitation to its routine use in PPB, and IGIs in general, is the complex and challenging environment 3 inherent to MRI technology and the constrained ergonomics of closed-bore scanners. To date, only a limited number of centers have reported their experience with MRI-guided prostatic interventions. [4] [5] [6] [7] In the standard PPB procedure, manual needle insertion is guided by a template that is secured to the perineum. In general, this is an effective means with which to achieve the desired seed distribution; however, seed placement error is a wellrecognized problem. 8 -11 As a result, a loss of dosi-metric coverage from treatment plan to postimplant dosimetry has been reported. 12 However, postimplant dosimetry is one of the best predictors of treatment success 13 and has been found to be correlated with the quality of life of patients who have undergone PPB. 14 Seed placement precision has also been recognized as the limiting factor for the improvement of dose distribution. 15 Robots are known to be accurate manipulation devices that can share the digital workspace of MR imagers. It is, therefore, conceivable that an MRI-guided robot could improve the accuracy of brachytherapy seed placement. However, most of the components currently used in robots, particularly their electromagnetic motors, are by principle incompatible with the MRI environment.
We designed and developed a fully MRI-compatible robotic system designed to interact with the patient in a closed-bore MRI scanner and to deploy brachytherapy seeds under MRI guidance. We report on the preclinical tests designed to assess the MRI compatibility of this robot, as well as its precision in placing brachytherapy seeds in tissue mockups.
A demonstration of the robotic system in action is provided in the supplementary video presentation (Video 1).
MATERIAL AND METHODS

ROBOTIC SYSTEM
The system consists of two major components. The first is the controller unit, which includes a computer, motion-control elements, and a series of electropneumatic and electrooptical interfaces. These controller elements are located outside the imager's room and are connected to the robot with several hoses. The second component of the system is the robot itself, which fits into the 50-cm bore of a standard closed MRI scanner and is designed to interact with the patient within the imager.
The robot has five degrees-of-freedom (DOFs) to place and orient an end-effector as desired. The end-effector has an additional DOF to set the depth of needle insertion and three DOFs to manipulate a titanium needle and to deploy brachytherapy seeds automatically. At the moment, this is the only end-effector that has been developed. However, it is easily detachable from the robot and could be replaced with other end-effectors, allowing the system to engage in different automated IGIs, such as biopsy, serum injections, or ablation procedures. To achieve full MRI compatibility, the entire robot is built of nonmagnetic and dielectric materials, including ceramic, plastic, and rubber materials. The only exception is the MRI-compatible titanium needle.
The completely novel concept, however, is that the robot does not use any electricity whatsoever. A new type of pneumatic actuator was specifically developed for this application. Unlike other types of pneumatic motors, this new motor (PneuStep 16 ) achieves high precision of motion in a safe and easily controllable manner using a stepping motor principle. The linear size of one step is 0.055 mm. Pressure waves are used to set the motor in motion. These waves are created by a pneumatic distributor remotely located in the controller unit and are transmitted to the robot through air hoses. The actuation is encoded by fiber optics so that the motors use pressure and light but no electricity. These features prevent the robot from creating any interference with the electromagnetic environment inherent to MRI technology.
To provide the safety standard required for use in medical applications, the robot's motors are built for fail-safe operation. Any form of malfunction leads to a lock and cannot result in uncontrolled motion beyond the size of one step (0.055 mm).
Fiducial markers attached to the end-effector are used to register the robot in the MRI scanner ( Fig. 1 ). Once the robot is fixed within the scanner, its position can be determined by obtaining volumetric MR images of the markers. Registration of the robot and calibration between its coordinate system and the coordinate system of the MRI scanner is then provided by custom software.
MRI COMPATIBILITY TESTS
To determine its MRI compatibility, the robot was operated and imaged in three MRI scanners with field strengths of 0.5, 1.5, and 3.0 Tesla (T). Additionally, it was precision tested in a 7T research MRI scanner (see below). Because the 100-mm bore of that research MRI scanner could not accommodate the whole robot, the end-effector alone was operated within the high-field-strength scanner.
MOTION ACCURACY TESTS
The initial tests were performed to assess the basic motion capabilities of the robot. In the motion tests, the robot was commanded to sequentially position in eight extreme points of the work space. Each cycle was then repeated 20 times. An optical tracking system (Polaris, NDI, Waterloo, Ontario, Canada) was used to measure the actual position of the robot with an active six DOFs marker mounted on the frame of the end-effector. To reduce measurement errors, each position was averaged for 10 data acquisitions with the robot at rest. A similar motion repeatability experiment was performed with the robot positioned within a closed-bore 1.5T MRI scanner to determine whether the precision of the robot's motion would be influenced by the magnetic field.
In additional tests, the accuracy of the seed placement was determined in tissue mockups made of Farmer Summer Sausage (Fred Usinger, Milwaukee, Wis) embedded in a clear gel. We chose this sausage for its relatively tough skin, firm consistency, and inhomogeneous content. The computer was programmed with the x, y, and z coordinates of the planned seed positions. The deployment of the nonradioactive stainless steel seeds was then performed by the robot in a fully automated fashion. Next, a computed tomography scan (slice thickness 0.75 mm, interslice spacing 0 mm) of the tissue mockup was acquired. On this three-dimensional (3D) computed tomography volume, the seeds were identified, and each seed's relative position with respect to its preplanned position was measured along all three axes using custom-developed software. The norm of the error vector (measuring the distance between the deployed and desired 3D location of a seed) was recorded for every seed. The accuracy of seed placement was measured in a total of 125 seeds.
Finally, a motion accuracy test was conducted within a 7T research MRI scanner (see above). In this test setup, a multimodality fiducial marker (IZI Medical Products, Baltimore, Md) was attached to the needle tip of the brachytherapy endeffector. A full 3D MRI volume was obtained (slice thickness 0.35 mm, interslice spacing 0 mm), and the robot was then programmed to move the needle over a certain distance. With the MRI marker in the new position, a full 3D MRI volume was again obtained. The actual distance the needle traveled was computed using image-to-image registration. This process was repeated 30 times.
RESULTS
MRI COMPATIBILITY
In the confined space and the electromagnetic environment of the clinical MRI scanners, no restraint of the robot's action was noted. More importantly, the presence of the robot in the scanner neither caused any interference with the MRI nor deteriorated the quality of the obtained images. Apart from the markers attached to the end-effector, the robot was invisible for the MRI. The same observation was made when the brachytherapy end-effector was operated and imaged in the 7T research MRI scanner, within which the pneumatic motor positioned the needle with the same high precision that it did outside the MRI scanner (see below). Again, no interference with the MRI scanner was noted, and visualization of the multimodality fiducial marker was equally good with or without the presence of the robot within the scanner, as well as with it at rest or in motion.
MOTION ACCURACY
In the basic motion capability tests, the mean value of the error's norm for all experiments was 0.076 Ϯ 0.035 mm. However, after a warm-up phase of several cycles, the errors were consistently about 0.050 mm. The respective tests in the 1.5T MRI scanner yielded a mean error value of 0.060 Ϯ 0.032 mm. These somewhat better results recorded in the MRI scanner resulted from several unrecorded warm-up cycles performed while adjusting the robot within the confined space of the scanner.
In the tissue mockup tests, the mean placement error of the 125 stainless steel seeds was 0.72 Ϯ 0.36 mm. A histogram of the placement error distribution is shown in Figure 2 . computed tomography scan of one of the tissue mockups with implanted stainless steel seeds. In the 7T MRI scanner, the end-effector moved the brachytherapy needle with a mean placement error of 0.047 Ϯ 0.053 mm.
COMMENT
Modern medicine relies heavily on technical equipment, and current technology is evolving very rapidly. This progress allows for existing diagnostic and therapeutic interventions to become more efficient and also helps in the development of new treatment modalities. Because of its relatively fixed position and its good perineal and transrectal accessibility, the prostate is an optimal target for image-guided interventions. As such, ultrasoundguided prostate biopsy and PPB are common procedures in modern urologic practice. The advantages of ultrasonography are its widespread availability and easy-to-use technology, as well as its real-time imaging. However, MRI is superior to ultrasonography with regard to visualization of the prostate and the surrounding anatomy. 1 Additionally, advances in MRI technology, such as MR spectroscopic imaging, dynamic contrast-enhanced MRI, and the availability of greater field strength scanners, make MRI an increasingly attractive imaging modality for targeting prostate cancer. [17] [18] [19] PPB is a procedure that potentially benefits from MRI guidance. In addition to the excellent visualization of the prostate, intraoperative MRI can provide dosimetric feedback. This can allow significant aberrations from the preplanned dosimetric coverage to be detected during the procedure, with the opportunity to deploy additional radioactive seeds into underdosed areas. 10 In contrast, transrectal ultrasonography does not provide reliable seed localization and attempts to obtain intraoperative dosimetric information require co-registration and fusion with another imaging modality. 20, 21 This process makes the procedure complicated and subject to registration errors. Therefore, intraoperative dosimetric feedback is not commonly used in PPB.
Ideally, MRI guidance would be combined with the precision of robotic manipulation. Robots are capable of working more accurately than humans and, as digital devices, can be easily programmed to navigate in a 3D coordinate system. In the case of PPB, this means that a robot could very accurately place all its planned seeds through one or two tiny perineal skin incisions without the need for a template, 22 which constrains the possible trajectories of the needle and, in some cases, may even leave parts of the prostate inaccessible for seed placement. 23 Improvements in the placement of the radioactive sources are likely to translate into better cancer control, as well as reduced irradiation of healthy tissue. 13, 14 The limited accessibility of the patient within the MRI scanner and the incompatibility of most components commonly used in robotics, however, have made the development of an MRI-guided robot a very difficult engineering task.
To date, few centers have reported their experience with MRI-guided prostatic interventions. Investigators from Harvard University were the first to perform MRI-guided PPB and prostate biopsy. 2,5,24 They used a transperineal approach in an open, low-field strength (0.5T) MRI scanner and correlated the interventional MRI with images previously acquired in a 1.5T scanner. Very recently, investigators from the same group reported on a robotic manipulator designed to position a guide for MRI-controlled manual needle insertion. 25 Other groups have reported on transperineal and transrectal MRI-guided prostate interventions within highfield strength, closed-bore scanners. 4, 26, 27 These investigators have used custom-built MRI-compatible needle guides or templates to assist the physician in the placement of the needles.
The device we have introduced represents the first fully MRI-compatible robot. The key technology of the system is the unique pneumatic stepper motor, 16 which is completely compatible with the electromagnetic environment of the MRI and allows for very precise actuation within the imager. Previous research in this field has commonly relied on piezoelectric motors. 28 -30 These are magnetism free but use high-frequency currents, creating image distortion if operated closer than 0.5 m from the MRI isocenter. 29 Our experiments have shown that our robot does not interfere with MRI when it is operated within the magnet. Moreover, the compact design of the device deals with one of the best-known difficulties of interventional MRIpatient accessibility. By fitting into a standard 50-cm bore, along with the patient, our robot allows for interaction with the patient inside the scanner. This obviates the necessity of moving the patient in and out of a closed scanner for imaging and manual needle insertion, respectively.
Under ex vivo conditions, the results of our precision tests compared favorably with the accuracy that has been reported in other MRI-guided prostatic interventions. 10,27 By using on-line MRI guidance, it is conceivable that a device such as our robotic system could improve the accuracy of seed placement in PPB and permit a more customized and targeted distribution of the radioactive sources. As a next step, however, our results need to be corroborated in additional experiments including MRI registration and animal trials.
Because of the modular structure of the robot, it will be easy in the future to exchange the brachy-therapy end-effector with one designed for a different procedure. Alternative end-effectors could be designed to take biopsies, inject liquid agents, and insert cryotherapy or radiofrequency probes. In this way, the robot could potentially improve the performance of other IGIs and could also play an important role in the validation and application of new targeted procedures emerging for the diagnosis and therapy of prostatic disease.
CONCLUSIONS
We have presented the first fully MRI-compatible robotic system. In the present configuration, it is capable of automated and highly accurate brachytherapy seed placement within a closedbore scanner and does not deteriorate the quality of MRI. Before any clinical use, more extensive testing is necessary. We believe that because of its promising technology, this robot may become a useful instrument for image-guided prostate interventions.
